A B S T R A C T It is generally thought that nexuses constitute low-resistance pathways between cell interiors in epithelial, neural, muscular, and even connective tissues. However, there are no reliable estimates of the specific resistance of a nexus. The reason for this is that in most cases the surfaces of nexuses between cells are geometrically complex and therefore it has been very hard to accurately estimate nexal areas. However, the septa of the median giant axon have a relatively simple shape. Moreover, in this preparation, it was possible to make a measuring current flow parallel to the axon axis so that from the voltage difference appearing between intracellular electrodes during current flow, the specific septal membrane resistance could be calculated. The average specific nexal resistance obtained was 5.9 1~ cm 2 if one assumes that 100% of the septum is nexus. The steady state I-V curve for the septum is linear (-10 mV). Placement of electrodes was validated by ionophoresing fluorescein into one of the cells. This allowed visualization of the septa even though the septa were found to be permeable to fluorescein and TEA. Exposure of the axon to hypertonic saline impedes the movement of fluorescein across the septa. By analogy with other tissues it is concluded that hypertonic solutions disrupt nexuses.
INTRODUCTION
Electrical coupling between myocardial cells and smooth muscle cells has been shown to be sufficient for impulse propagation (Barr et al., 1065; Barr et al., 1068) . Direct communication by diffusion between cell interiors has also been implicated as a mechanism for metabolic coupling (Subak-Sharpe et al., 1060) . The only membrane junctional specialization common to vertebrate tissues where electrical or biochemical coupling has been shown is the nexus (McNutt and Weinstein, 1070, 1073) . The intent of this study was to estimate the specific resistance of the nexal membrane and to estimate the permeability of the nexus to tetraethylammonium (TEA) and fluorescein. The effects of TEA, calcium, and hypertonicity were also investigated to help delineate the role of nexal membrane resistance in electronic spread. THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 69, 1977 " pages 517-536 517 Although organisms from the simplest metazoan up to mammals all possess nexus-like `junctional membranes between specific cell types, preparations from most tissues contain large numbers of small cells. The junctions are not evenly distributed on the cells and the geometry of ceils is often complex. To make an accurate calculation of nexal resistance, a system with large areas of nexus and no other junction present would be advantageous. The system would preferably be cable-like to allow one-dimensional analysis. A preparation that suits these needs is the median giant "axon" of the earthworm nerve cord.
In the earthworm the median giant axon is on the dorsal side of the ventral nerve cord. This axon actually is composed of many cells, cylindrical in shape, which are connected by specialized membrane structures. These specialized areas of relatively simple geometry were first seen by Stough (1926) who called them septa. Rushton (1945) , Bullock (1945) , Eccles et al. (1933) , and later Kao and Grundfest (1957) showed that an action potential could travel along the axon in either direction. The ability to conduct in either direction, the small distances between the septa, and the fast conduction velocity made chemical synapses at the septa seem improbable. The septa are usually found where the segmental branches leave the nerve cord (Gunther, 1971) and are very often accompanied by a slight bulge. Stough (1926) showed that septa traverse the axon at an obtuse angle of about 150 ° going from the anterior to the posterior end. The area of theseptum would then be approximately double the cross-sectional area of the axon. Closer examination of the septa by Dewey and Barr (1964) by electron microscopy revealed that a large fraction of the septa was nexus and that no other junctional type was present (see also Hamma, 1959; Coggeshall, 1965) .
MATERIALS AND METHODS

Theory
A technique developed by Weidmann (1970) was employed to analyze the septa and axoplasmic resistances. The length of the nerve cord used was many times the space constant of the median giant axon (Goldman, 1964; Dierolf and Brink, 1973) . The cord was surrounded by oil, with a thin film of saline left between the cord and the oil bath. Current pulses were applied via two agar-saline filled electrodes placed at the ends of the cord. It is shown that the current flow in this system can be described by the behavior of a one-dimensional cable (see Appendices A and B). As follows from cable theory, for preparations that are long relative to the length constant, there exists a region where the inside and outside currents run parallel with little or no transmembrane current. In this region there is no IR drop across the membrane, i.e. the potential difference between inside and outside due to current flow is zero. In such a case, the determination of the current flowing longitudinally inside and the measurement of the voltage variation inside the axon with distance during a pulse, will allow the calculation of septa and axoplasmic resistance. This can be done easily because the total current is known and in the middle zone the intracellular and extracellular components distribute inversely to the respective resistivities.
Definition of Symbols
Because of the symmetry of the system we shall use the middle of the extracellular fluid layer as the reference point.
V0(x) = the electrical potential difference between any extracellular point and the reference point; Vt(x) = the electrical potential difference between any intraceUular point and the reference point minus the resting potential; Vm(x) = the transmernbrane potential difference = Vl(x) -V0(x); Vm(x) = Imrm; V0m'(x) = V0(x) during a propagating action potential; VIAP(x) = Vl(x) during a propagating action potential; V0P"l~(x) = steady state of V0(x) during a long constant current pulse; VlP"Lse(x) = steady state value of Vl(x) during a long constant current pulse; I0(x) = current in the extracellular space; It(x) = current in the intracellular space; Ira(x) = transmembrane current per unit length; IoAP(x) = I0(x) during a propagating action potential; ItAP(x) = Is(x) during a propagating action potential;
Iopulse(x) = I0(x) during a pulse; IiPulse(x) = Is(x) during a pulse; rm = resistance of membrane per unit length; r0 = resistance of extracellular space per unit length; rt = resistance of intracellular space per unit length; r~ ax = resistance in intracellular space az = resistance in intracellular space between two points between two points Ax apart; raxo Ax apart and with no intervening septum; rs = resistance of the nexus(es) at a septum; 0 = conduction velocity; Ren = resistance between an inside point and an outside point away from which an axon extends indefinitely (see Appendix B). From Ohm's Law, in general
(2)
For the case of an action potential at any point IoAP(xx) = ItAP(xt) and for a wave propagating at a constant velocity (Katz, 1966) :
Equating the currents in (1) and (2) and substituting for the spatial derivative from (3) and (4) results after rearrangement in:
Now that we can calculate the resistance ratio, the current ratio during an applied pulse may be found to calculate the internal current. As a result of an applied pulse (Ipulse), current flow in the central region between electrodes separated by a large distance can be described as follows:
Because there is no transmembrane current in the middle zone, for small x
dViV"lSe(
from (1), (2) and (5) from (5) and rearrangement
reflects the dependence on the internal to external resistance ratio of both observed AP ratio and the pulse current ratio. Substituting (6) into (10) and rearranging
Substituting for the derivatives, the relevant approximations of finite differences to correspond to the actual measurements, we have from Ohm's Law in the middle zone
if Ax is taken to include only one septum, ri ax ----rax o + rs ax.
Equation (12) is essentially a statement of Ohm's law for internal current using variables which can be measured. Measurement of AVipuJse/Ax in an area away from a septum allows the calculation of raaxXo alone. The same measurement with a septum allows the calculation of rs. Maximum rates of rise of the intracellular and extracellular action potentials were used for calculation of AViAn/At and AVoAP/At. In order properly to analyze the septal resistances the assumption that a region exists where little current flows across the plasma membrane (i.e. where dV/dx equals a constant) had to be verified. Fig. 1 shows the steady-state voltage in the extracellular space and intracellular space as a function of distance in response to an applied current pulse recorded between a reference electrode, centered between the stimulating electrodes, and the recording electrode. The circles are the voltages recorded in the extracellular space, and the x's are the voltages recorded intracellularly. The measurements of septal and axoplasmic resistances were made in the region wherein the steady-state voltage outside the axon is the same as the steady-state voltage inside the axon.
Pyrex microelectrodes used for voltage measurements had resistances ranging from 10 to 20 Mlq when filled with 3 M KC1. Microelectrodes used for ionophoresis of fluorescein were filled with 0.1 M K citrate and then allowed to stand in a fluorescein solution. The fluorescein solution was made by adding to 80 ml of 1 M KOH 10 g of fluorescein and 3 g of K citrate, making the solution 0.38 M fluorecein and 0.1 M K citrate. Slow titration with H3PO4 brought the pH to 7.6 and kept the fluorescein in solution. Microelectrodes used for ionophoresis or hydraulic injection of 2.0 M TEA and 2.5 M calcium chloride were back filled.
For monitoring the fluorescence of fluorescein, a Brinkmann tungsten source was used with Brinkmann k530 barrier filter as well as an excitor blue FITC filter type 910031B (Brinkmann Instruments, Inc., Westbury, N. Y.). All densitometer measurements were made on a Weston photographic analyzer, model no. 877 (Weston, Inc., Newark, N.J.).
The hydraulic injections of TEA, calcium chloride, and fluorescein solutions followed the method of Grundfest et al., 1954. Earthworms from Mogul-Ed (Oshkosh, Wis.) were identified as LumbriczL~ terrestris L. by the criterion ofJ. Stephenson (1930) . They were maintained in a box 28 inches by 22 inches by 6 inches deep filled with a mixture of six parts soil, three parts mulch or leaves, and one part coffee grounds at 10°C for up to 2 wk. Earthworm saline (Prosser and Brown, 1950) was buffered by addition of 0.3 g/liter of trihydroxymethylamine methane (Tris). The pH was adjusted to 7.4 by addition of hydrochloric acid. Hypertonic saline was made by the addition of solid sucrose to isotonic saline (osmolarity = 780 mosmol, isotonic saline = 260 mosmol).
Earthworms were anesthetized in a 2% solution of MS 222 (tricaine methanesulfanate) for 2 or 3 rain and the worms' nerve cords were dissected (Kao and Grundfest, 1957) . The saline solutions used in the experiments all contained 27 /~M carbachol to stop spontaneous contractions. No charge in membrane resistance, axoplasmic resistance, or the space constant could be detected in the presence of carbachol.
Although the length of the unattached nerve cord in saline was approximately 1.5 cm, after the cord had been pinned, it was stretched to 2,5 cm which was about its in vivo length. A septum was usually found near branches in the nerve cord and often a slight bulge in the giant axon could be seen in that region. Only septa found in the region where dV/dx was linear were used for measurement. Two microelectrodes were inserted 200-500/~m apart on both sides of a septum. The two extracellular recording electrodes were placed on the nerve cord about 4-7 mm apart. Mineral oil was added to the preparation, and the saline was removed by vacuum until a thin film of saline remained around the nerve cord. A stimulus was applied and the biphasic extracellular action potentials and intracellular action potentials were recorded. The dV/dt was taken from both intracellular and extracellular action potentials and their ratio gave the ratio of parallel longitudinal resistances. The change in the voltages between the two microelectrodes on either side of a septum in response to current pulses of various amplitudes was recorded. One microelectrode was removed and placed outside next to the other microelectrode still inside the axon, and the transmembrane voltage was recorded in response to the same current intensities. The transmembrane voltage change was never greater than a fraction ofa millivolt in the region where dV/dx was linear when a current pulse was applied. If one assumes a uniform transmembrane potential in a cell 1 mm long and 50 /.tin wide and a plasma membrane resistivity of 104 ~ cm 2 (Goldman, 1964; Dierolf and Brink, 1973) , a measured transmembrane voltage of 0.3 mV (largest value observed experimentally) indicates some 9.4 × 10 -ix A flowing across the plasma membrane. The longitudinal current flow of 20 nA is therefore three orders of magnitude greater than that crossing the plasma membrane.
A microelectrode filled with fluorescein solution was always inserted into the cell where the septum was thought to be after axoplasmic measurements were made. The dye was ionophoresed into the cell with hyperpolarizing pulses of 20-30 nA and 20-30 ms in duration every 100 ms for 15-30 min. Since permeability of the septum to fluorescein is low, the septum appears clearly as a temporary barrier to the dye.
Conduction velocity measurements were made in a chamber which had four neighboring compartments in a row with small channels connecting adjacent compartments. Three compartments had diameters of 0.5 cm while one had a diameter of 1.5 cm (Fig. 2) . Solutions were introduced on the floor of the large central chamber. A drain tube was placed at a level higher than the input line. In the median giant axon, the conduction VAC.
L// / FIGURE 2. Nerve chamber used for measurement of conduction velocity in the presence of various saline solutions. VAC, vacuum; VB, Vaseline bridge; SI, solution input; V, the voltage recording apparatus; I, stimulus source.
velocity is slow enough to allow the action potential to be recorded across both Vaseline seals quite distinctly on a single oscilloscope sweep. Varying intensities of steady-state current pulses were applied and the voltage drop across the septum was plotted as a function of the longitudinal current flow in the axon. In 12 experiments done in normal saline the current voltage curve was computed for the septa. In all cases the graphs were linear. The correlation coefficient varied from 0.97 to 0.99. Table I summarizes the results of 18 experiments in normal saline in which septal resistance was calculated. The average value of the septal membrane resistance (r~) was 38 k~. The septal membrane resistance was calculated by assuming that a septum runs across the axon at an angle of about 150 ° (Stough, dVt/dt = the slope measured from the fast rate of rise of the intracellularly recorded action potential. dV0/dt = the slope measured from the fast rate of rise of the extracellularly recorded action potential. Cell length was measured as the distance from septum to septum from the cell in which axoplasmic and septal voltage measurements were made. The positions of the septa were revealed by dye injection. r a = the total cytoplasmic resistance in ohms of each cell where measurements were made. Ra = the axoplasmic resistivity. r s = the resistance of a septum in ohms. R, = the septal membrane resistance in ohms cm 2.
RESULTS
Septal Resistance
1926). The average area of a septum was 1.5 x 10 -4 cm 2. If the total surface area of the septal membrane were nexus, then the specific nexal membrane resistance would be 5.9 fl cm z. The cell length was measured from septum to septum as revealed by the dye injection.
The effect of TEA of septal resistance was measured and the data are given in Table II . TEA was found to diffuse well beyond the septum of the injected cells. TEA was ionophoresed into the axon by applying 15-nA depolarizing pulses, 20 ms long, every 70 ms for 2 h and 45 rain. At the end of the injection, the effect of TEA on the action potential was taken as the change in the duration as measured at one-half the height of the action potential. The injection and recording points were within 500 /zm of the septum which was later revealed by fluorescein injection. 250 tzm away from the septum on the noni~jected side, the duration of the action potential was increased by a factor of 3, while, in the injected cell the duration was 3.5 times greater than the action potential duration before TEA application. The duration of the action potential was increased by a factor of 1.3 at a distance of 1.5 mm away from the septum, and at 5 mm away no increase in duration of the action potential could be observed. No difference in the septal resistance before and after TEA application was observed. The injected cell was For definitions see legend to Table I. slightly depolarized after injection. Recently, Weingart (1974) using the method of Weidmann (1966) showed that radioactive TEA diffuses easily down bundles of ungulate myocardium. Septal and axoplasmic resistances were calculated before and after a 30-min period of ionophoresis of fluorescein into the cell and no change in Rs or Ra was observed, as shown in Table II . No change in resting potential was observed (-68 mV). There were no changes in the transmembrane voltages recorded in response to current pulses injected via microelectrodes between controls and TEA or fluorescein injections.
Calcium Injection
In four experiments after the measurement of septal and axoplasmic voltages, a microelectrode filled with 2.5 M calcium chloride was inserted into the cell where the axoplasmic measurements were made. 20-nA depolarizing pulses 20 ms long were applied every 100 ms. Within minutes the injected cell was depolarized and an action potential could not be elicited from that cell. The plasma membrane resistance decreased continuously as calcium was injected. For these reasons the septal resistance could not be estimated in these experiments. Because calcium has been shown by Hodgkin and Keynes (1957) to bind in the axoplasm of squid axon, we could not know intracellular calcium concentration at the septum of the injected cell even if an effect on septal resistance could be observed. Cells adjacent to the calcium-injected cells showed some depolarization within a few minutes after termination of calcium ionophoresis, thus calcium may be able to pass through the nexal membranes.
Anisotonic Solutions
In some experiments, after the septal and axoplasmic resistance calculations were made, the normal saline was exchanged for hypertonic saline (3x). The The arrow indicates when the hypertonic saline was added. Conduction velocity was measured via the Vaseline bridge method as described in Materials and Methods.
exchange of solutions under oil was difficult and in some cases caused spontaneous contractions of the nerve cord. Application of hypertonic solutions caused depolarization of the axon membrane and conduction failure. The resting potential along the axon also varied from -20 mV to -45 mV in hypertonic solution after a 60-rain exposure. Because conduction velocity failed and membrane potentials were decreased, it was impossible to measure septal and axoplasmic resistances. Fig. 4 shows the effect of hypertonic saline (3 x) on conduction velocity with time. Conduction is decreased and finally fails. Membrane depolarization could be causing this effect, but disruption of nexal membranes is also a possibility. Fig. 5 shows the external voltage as a function of distance between a reference electrode, centered between the stimulation electrodes, and a recording electrode when a steady-state current pulse was applied while the preparation was in hypertonic saline. The transmembrane voltage equals that of the extracellular space even at the extreme ends of the preparation near the stimulating electrodes. This is contrasted to the normal situation in isotonic saline where there is a difference between VI and V0 in close proximity to stimulating electrodes due to transmembrane current flow (Fig. 1) . Intermediate situations, where an action potential was slowed, were so difficult to obtain that the effects on resistance of hypertonic saline were not analyzable.
Since fluorescein passes the septum with a time constant of approximately 1 h, it can be used to detect changes in septal permeability. intensity of fluorescence of ionophoresed fluorescein in a cell vs. distance along a giant axon in normal solutions. Photographs of the injected cell were made at various time intervals. With each negative, background measurements were made and subtracted from the measured intensities in the axon. The intensity measured at the time zero in the injected cell of the axon was taken as 100% intensity. During the entire experiment, that is dye injection and photographing, the nerve cord was surrounded by hypertonic saline (3 x). Comparison of Figs. 6 and 7 shows that fluorescein trans-septal movement is blocked by hypertonic saline. One explanation for the block of fluorescein movement is that the nexuses which in part make up the septal membrane are disrupted by hyper-tonic solutions. At very long times (-3 h) some fluorescein can be seen apparently traversing the septum, but this may be explained by movement of dye in the extracellular space or by the possibility that not all nexal area is disrupted.
A Model for the Earthworm Median Giant Axon
We have compared the prediction of a simple model, which incorporates our results, with the exponential spread of current along a cable. This comparison demonstrates the effect of the existence of the extra, nexal resistances at the septa in the internal pathway. Since the earthworm median giant axon is made up of many cylindrical cells attached to one another end to end by nexuses at the septa, it can be considered as many finite cables in series connected to each other by finite resistances (see Appendix B). The general equation describing the first segment is: d2V
dx 2
where we take V as Vm as described above. If current is passed between an internal point and another immediately outside an EMGA, the internal current Ii aproaches the transnexal current In at the end of an axonal segment. Therefore, Distance FIGURE 7. An experiment and analysis identical to those in Fig. 6 were performed but the axon was in hypertonic saline throughout the ionophoretic and photographic periods. Photographs were taken at time zero (filled squares), 7 min (squares), 15 min (triangles), and 30 min (filled triangles) after termination of dye injection. Horizontal axis units are in 100-/zm divisions. dix B) yields the following solution for the steady-state transmembrane potential for distances up to the first septum
and the trans-septal current
For the next segment the transmembrane voltage was calculated by using Eq. (15) but setting Vm (o) for that segment, equal to I,Reff where In was calculated from Eq. (16) for the first segment. The process can be repeated indefinitely. Fig. 8 shows the graphic solutions of the equation where Rs = 30,000 1~ and rs = 500,000 1~. The solution for an infinite cable is also included in the calculations made for Fig. 8 : the space constant equalled 3.55 mm, the septa occurred every 1 mm (L), and Vo equalled 30 mV. The similarity of the 30 kf/ curve to the exponential would seem to preclude any experimental distinction between them. This would conform to our results.
DISCUSSION
Our range of septal specific resistance was 1.5-12.5 f/cm 2. If the nexus covered 100% of the septum, then the values are equivalent to nexal specific resistance. If FIGURE 8. Graphic solutions of transmembrane potential vs. distance when a constant current pulse is applied to a model septate axon.
the average area of nexus was only 10% the total surface of a septum, the nexal resistance would range from 0.15 to 1.25 1"1 cm 2. If the nexal membrane area were larger due to folding, the nexal resistance would be higher. This range of values for nexal membrane resistance is within the range of nexal membrane resistances previously reported (Kriebel, 1967; Weidmann, 1966) . The conductance of nexal membranes is three orders of magnitude higher than the plasma membrane, and it can be concluded that the nexus is a low-resistance pathway between cells in the giant axon. It has been suggested that a pore 1.0-2.0 nm in diameter is located in the center of the particles which make up a nexus (McNutt and Weinstein, 1970) . If one assumes that the conductance of the pore is the same as an equivalent amount of axoplasm, calculations can be made to estimate the lower limit on the number of pores needed to give specific septal resistance of 5.9 l-I cm 2. Ifrp = r a L/A where r a equals the resistivity of cytoplasm (200 fl-cm), and rp equals resistance of a pore in ohms, and A equals cross-sectional area of the pore, and L equals length of the pore. If one assumes that the pore is 18 nm in length and has a crosssectional area of 3.14 x 10 -14 cm 2, the hypothetical resistance of a pore is then rp = 1.15 x 10 l° ~.
Given that the particles are arranged in an hexagonal array where the center to center distance is 9 nm, the number of pores per 1 cm 2 is 1.4 x 10 TM, and the specific nexal resistance would be 8 × 10 -3 fl cm 2. This value is three orders of magnitude less than the observed value of 5.9 fl cm 2. On the basis of his morphological data on rat myocardium, Matter (1973) has calculated a value of 5.1 × 10 -2 f~ cm 2 which contrasts similarly with available physiological data. Obviously, no account was made in the previous calculation for the effect of frictional forces or fixed charges that may or may not exist in the pore. If approximately 70% of the septal membrane area were nexus, the total area of nexus would be 1.2 × 10 -4 cm 2 and there would be 1.7 x 108 pores. To achieve a specific nexal membrane resistance (Rs) of 5.9 fl cm 2 or septal resistance (rs) or 30,000 ~, each pore would have to have a resistance of rp = 5.7 x 10 TM fl. Consequently, the axoplasmic resistance (Ra) in such a pore would have to be 100,000 l'l cm or 500 times the bulk axoplasmic resistance. A pore axoplasmic resistance of 100,000 1~ cm is conceivable only if there are frictional forces or fixed charges at work retarding the movement of ions as they pass through a pore. Another explanation for increased axoplasmic resistance in the pore might be smaller pore sizes. But to attain a pore resistance of 5.7 x 10 TM f/ when R a equals 200 f/cm, the pore diameter would have to be 0.09 nm. This low value would not permit the diffusion even of potassium ions much less fluorescein. Clearly the diffusion of larger molecules such as Kolodny's (1971) macromolecular RNA, microperoxidase (Reese et al., 1971) , and Procion yellow (Imanaga, 1974) would be impossible.
Since potassium is the principal ion on either side of a nexus and cytoplasmic calcium is very low, the bearing of the TEA experiments on the possibility that the nexus is traversed by potassium channels is significant. TEA was ionophoresed because of its well-known inhibition of the activation of potassium channels, since by analogy with the linear I-V curve for squid plasma membrane (Rojas and Ehrenstein, 1965) one might presume the high nexus conductance is due to activated potassium channels. Therefore, TEA might decrease the nexal conductance. This was not realized. Moreover, TEA crossed septal membranes much more readily than it does plasma membrane.
The results of the hypertonic experiments were consistent with results that show nexal disruption in hypertonic media but could be also explained as a decrease in plasma membrane resistance. However, the fact that the flow of fluorescein is essentially stoppped at a septum in the axon in hypertonic saline probably means that nexal membranes have separated interfering with the longitudinal path for the dye. Reduction in plasma membrane resistance in hypertonic saline might allow greater loss of dye through the plasma membrane, thereby decreasing the amount of dye moving along the long axis. However, if this were the case, then the fluorescent intensity of the injected cell in hypertonic saline would be expected to fall more rapidly than that of normal saline when, in fact, just the opposite occurs.
The value of axoplasmic resistance (Ra) is in good agreement with previous estimates of axoplasmic resistance (Goldman, 1964; Dierolf and Brink, 1973) . The cell length measurement was made to allow computation of the total cytoplasmic resistance (ra) of a cell so that comparison of the cytoplasmic resistance with the septal resistance (rs) could be made. Unfortunately, there is no internal standard similar to the sarcomere to determine the proper length of stretch. To combat this problem from preparation to preparation, efforts were made to dissect nerve cords of similar length. The average cell length should be considered a very rough estimate of the average distance between septa.
In summary, the nexal membrane complex has been shown to have a low resistance relative to the plasma membrane. It is a nonrectifying structure over a voltage range of -10 inV. Since anionic fluorescein and cationic TEA will cross the septum, the role of the nexus in the formation of metabolic coupling needs further clarification by use of techniques such as autoradiography. However, in the earthworm as well as in other examples from widely separated species, the nexal pores seem to be large enough to allow intermixing of metabolically important molecules (Gilula, 1974) . Thus it is as important to cellular communication as the plasma membrane is to the maintenance of the internal milieu of cells. Although the nexus may have been one of the first evolutionary steps going from unicellular to multicellular organisms, there is evidence that nexuses from different tissues or organisms may vary considerably in fine structure (Gilula, 1974) .
APPENDIX A
To analyze our experimental situation in more general terms, consider a segment of a nonmyelinated axon sealed at each end and submerged in paraffin oil so that the outside of the axon is covered by a thin layer of aqueous solution. In addition, small punctate electrodes are touched to the external layer at the very ends of the axon. In order to derive a relatively simple mathematical description of the electrical behavior of this system we will stipulate as is commonly done (Hodgkin and Rushton, 1946; Cole, 1968) that: (a) all resistances are constant; (b) the external layer and the axon are thin enough and the membrane resistance is high enough so that the internal and external electrical potentials are functions of distance along the axon only; (c) a steady state is present; i.e., capacitive transients can be ignored; 
which has the general solution
because of symmetry Vm (O) ----0, therefore C1 = 0, and thus
The conditions under which the common assumption (Hodgkin and Rushton, 1946) ,
holds may be seen from noting that this is equivalent to setting dVi (x)/dx = dVo (x)/dx
upon substitution and rearrangement
for the earthworm axon X may be taken as less than 4 mm. If preparations 4 cm long are used, cosh (L/h)/~ 75 and the assumption will hold quite well for the middle centimeter or so, If the preparation is longer, the accuracy of the assumption increases very rapidly because of the dependence of cosh (L/k). That the preparation behaves in the center region like two parallel resistances can be seen from considering the first of the two terms describing the effective resistance between the electrodes The influence of the nexal resistances at the septa of the earthworm median giant axon may be considered by seeing how they enter into the expression for changes of transmembrane voltage as a function of distance when a constant current is injected into an axon via a microelectrode. In a very long, nonseptate, nonmyelinated axon this of course would be described by the familiar V m (X) = V m (o) e -xt~.
(1)
In order to examine the more complicated septate case we stipulate: (a) the first six stipulations of Appendix A; (b) the axon is made up of one-dimensional cable segments of length L which are connected directly in the external path and connected via a nexal resistance Rn in the internal path at the septa; (c) current, Ipulse, is passed between internal and external point electrodes placed at one end of a segment away from which the axon extends indefinitely; (d) the current across the first septum is I n (Fig. 1 B) .
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FIGURE 1 B. Schematic representation of segmental axon. L = the position of the septa. Each cell is connected to an adjacent cell by a septal resistance. Ipuls e is the value of the total applied current.
For the first segment the situation is equivalent to a finite cable terminated by a finite resistance, (r s + Ren), where Ren is equal to the effective resistance between the two point electrodes. A general solution for the region x<L is V m (x) = C1 cosh (x/h) + C2 sinh (x/X).
From dV m (x)/dx = dVl (x)/dx -dV 0 (x)/dx and Ohm's law dVm (L) dx In (ri + ro),
and from Ohm's law combining to eliminate I. 
vm (o) = c,,
substituting into (5) Vm (0) 
and also since the axon is indefinitely long 
where, the current out of the first segment is: The only real positive root of this cubic equation may be easily computed. When r s = 3 × 1041q,rm = 3 × 1051-/cm2,r[ = 3 × 10efl/cm,ro = 0andL = 0.1 cm,Ren = 1.03 × 1061]. This is only 1.08 times r,,x/7~~, which is the equivalent for an equivalent nonseptate axon.
